Abstract. We studied the changes in geochemical variables in the middle section of Río de la Plata estuary during the 2009-2010 El Niño-Southern Oscillation (ENSO) event. Protein, organic matter, chlorophyll-a and phaeopigment content of surface sediments were significantly correlated with the increased continental freshwater input associated with high total monthly rainfall. During the warm-phase ENSO event, river flow was 5-fold larger than average historical levels, which led to a steady decrease in salinity values and the highest levels of geochemical variables. The evidence presented herein suggests that warm-phase ENSO events increase the trophic state of the sediments because of the increased freshwater input. Thus, our findings may be useful to anticipate potential eutrophication episodes in the study area.
Introduction
Information on background or modified trophic states is essential to understand the structure and function of aquatic systems. This concept was first introduced by Naumann (1919) , to predict the phytoplankton biomass distribution in relation to nutrient concentration in lakes. He defined 'oligotrophy' as a state characterised by high transparency and low nutrient concentration, and 'eutrophy' as low transparency and high nutrient concentration. Since then, many researchers around the world have utilised and improved this concept by including other geochemical data than nutrients and by considering biological information as well (Scheffer 2009 ).
Eutrophication in estuaries has also been historically quantified following the classical freshwater nutrient approach (Cloern 2001; Bricker et al. 2003) . However, the assessment of estuarine trophic states is more complex than in freshwater systems, because of salinity fluctuations associated with freshwater inputs. In this sense, although nutrients are the primary cause of eutrophication (Pinckney et al. 2001; Paerl 2006) , there are also many other factors that determine the trophic classification of estuarine systems, such as anoxic conditions, presence of macrophytes, suspended solids and human impacts (Bricker et al. 2003; Scavia and Bricker 2006) . Increases in inorganic nutrient concentration and algal biomass in the water column are usually used as indicators of the trophic state of estuarine ecosystems (Cloern 2001; Bricker et al. 2003 Bricker et al. , 2008 . However, only a fraction of the total organic matter produced in the overlying water column reaches the sediment below. To compensate for this, the percentage of organic carbon on the bottom has been used as an alternative approach to assess the trophic status of sediments (Nixon 1995; Cloern 2001) .
Particulate organic carbon resultant from phytoplankton primary production is the primary organic carbon in estuarine sediments; however, in human-impacted areas, additional organic carbon sources in the sediment have been detected . Thus, in human-impacted regions, the organic carbon content may be inadequate for detecting the effects of sediment eutrophication (Dell'Anno et al. 2002; Pusceddu et al. 2009 ). The trophic state of the water column may differ from that of the sediments, because sediments integrate both spatial and temporal variability in phytoplankton production, instead of just reflecting conditions at the sampling time (Pusceddu et al. 2009 ). In addition, complex interactions of anthropogenic and climatic factors determine the magnitude of eutrophication. From a watershed perspective, nutrient-input reductions are the main option for alleviating the symptoms of eutrophication (Paerl 2006) . Therefore, trophic assessments should help identify the principal factors leading to eutrophication and whether they are attributable to humans or reflect natural variation.
We assessed the eutrophication trends of the sediments in the coastal zone off Montevideo in the middle section of the Río de la Plata estuary, during the 2009-2010 ENSO event. We used several geochemical variables to trace changes in trophic conditions, and attributed them to human impacts (i.e. industry, urban collecting effluents, harbour activities), and also to the variability derived from the increased rainfall levels and associated river flow. Seasonal sampling was carried out from March 2009 to February 2011 with the following parameters determined: chlorophyll, phaeopigment, organic matter and protein content, dissolved oxygen, temperature and salinity. These parameters were then related to documented total monthly rainfall and associated changes in river flow.
Description of the study area La Plata Basin
The Río de la Plata basin (Fig. 1) , the second largest drainage basin in South America (4 144 000 km 2 ), encompasses areas of south-eastern Bolivia, southern and central Brazil, Paraguay, most of Uruguay and northern Argentina. The main rivers of the La Plata basin are the Paraná, Paraguay and Uruguay ( Fig. 1) , which carry an estimated amount of 57 Â 10 6 m 3 year À1 of silt into the Río de la Plata. The modern suspension freight is ,80 Â 10 6 t year
À1
, consisting of 75% coarse to medium silt, 15% fine silt and 10% clay (Giberto et al. 2004) .
The mean annual flow of Río de la Plata is ,23 000 m 3 s
( Farminán et al. 1999) , which modulates the salinity distribution gradient of the inner continental shelf (Piola et al. 2000) . The subtropical convergence area is broadly located over the shelf break and offshore between 328S and 408S and results from the mixing between the warm Brazil Current and the cold Malvinas Current flow (Calliari et al. 2009 ). Highly energetic mixing results in complex frontal systems and hydrographic structures such as eddies and meanders. The fluvial-estuarine waters are characterised by a high suspended particulate matter (SPM) loading, nitrogen : phosphorous ratios .25, moderate chlorophyll-a concentrations and the occurrence of cyanobacteria blooms (Nagy et al. 2002) . Seaward of the salinity front, where both SPM and nutrient concentrations are lower and chlorophyll-a values higher, primary production is higher than respiration (Nagy et al. 2002; Calliari et al. 2009 ). Permanent stratification controls nutrient, organic matter and oxygen dynamics leading to biological stress and hypoxia below the halocline (Nagy et al. 2002) and assessment of the regional and overall ranking of trophic conditions indicates that the Río de la Plata is moderately eutrophic (Nagy et al. 2002) .
Montevideo Bay and coastal zone
The Montevideo coastal zone (34850 0 -34856 0 S and 56805 0 -56825 0 W), located in the middle section of the Uruguayan river bank (Fig. 1) , is classified as a coastal plain tidal river with a semi-enclosed shelf sea at the mouth. Salinity, halocline depth and vertical mixing vary with astronomic tidal oscillation on an hourly basis, while axial winds influence water height and salinity on a daily basis (Nagy et al. 1997) . It is a very important recreational area, especially during the summer, as hundreds of thousands of people visit the beaches.
Montevideo Bay is ,10 km 2 . It harbours the National Oil Co., a thermoelectric plant and the harbour itself. Two main streams flow into it, the Miguelete and the Pantanoso. These streams contain wastes from many different industries, urban centres and from a large number of sewerage pipes. Modern sediments consist mainly of silt and clay fractions (Ayup 1986; Venturini et al. 2012) . Predominant winds are NE and W-SW, which are very important in driving water circulation at shallow depths (Moresco and Dol 1996) , which is mainly clock-wise.
Since around 2000, several research projects have been undertaken in the area (Gómez-Erache et al. 2001; Danulat et al. 2002; Muniz et al. 2002 Muniz et al. , 2004a 2004b; Burone et al. 2006 Burone et al. , 2011 Brugnoli et al. 2007; García-Rodríguez et al. 2010 Venturini et al. 2012) . The inner part of Montevideo Bay has higher sediment heterogeneity, higher organic load and lower oxygen content than the outer part (i.e. Punta Carretas and Punta Yeguas) (Fig. 1) . The inner part of Montevideo Bay is polluted with Cr, Pb and petroleum hydrocarbons, while the other zones show moderate pollution levels. Danulat et al. (2002) defined the Montevideo Harbour as a hypertrophic system, which receives considerable nutrients and organic loads. The water quality of Montevideo Bay is highly deteriorated because of several point and non-point sources and harbour activities that are a consequence of the historical development of the city (Gómez-Erache et al. 2001; García-Rodríguez et al. 2010) .
Materials and methods
Thirty-six stations were sampled seasonally (n ¼ 8) from March 2009 to February 2011 (Fig. 1) . The sampling strategy was originally devised to assess the environmental quality of Montevideo coastal zone, before the construction of a sanitation system in its western sector, which will discharge the sewerage in the region of Punta Yeguas (see Fig. 1 ). Monitoring stations were located within Montevideo Bay, in the coastal zone, 200 m and 2000 m away from the shore, and labelled as 'Z' and 'L' respectively. In addition, two crossshaped transects were located in Punta Carretas, where the collecting effluent pipeline currently discharges the sewerage, and in Punta Yeguas, where the future collecting effluent pipeline will discharge the sewage.
Bottom water temperature, salinity and dissolved oxygen were determined using a YSI multi-parameter device. Surface sediments were collected with a van Veen grab (three independent sampling units) for the analysis of protein content, photosynthetic pigments and organic matter. Samples were immediately placed in pre-combusted aluminum containers and stored frozen (À208C) in the dark until laboratory analysis. Photosynthetic pigments were analysed within 24 h following Lorenzen (1967) and modified by Sünback (1983) for sediment samples. Proteins were measured within a week after sampling. Organic matter was determined by weight loss on ignition at 5508C (Heiri et al. 2001) . Total protein (PRT) content was conducted following extraction with NaOH (0.5 M, 4 h) following the procedure of Hartree (1972) as modified by Rice (1982) to compensate for phenol interference. Blanks for each analysis were performed with pre-combusted sediments at 450-4808C for 4 h. PRT concentrations were expressed as bovine serum albumin (BSA) equivalents. All analyses were carried out in triplicate. River flow data were kindly provided by project GEF/ URU-G07/32 (Bidegain et al. 2009 ) and SOHMA (Servicio de Oceanografía, Hidrografía y Meteorología de la Armada, Uruguay). Total monthly rainfall topographic maps were kindly provided by Unidad de Agroclima y Sistemas de Información of the Instituto Nacional de Investigación Agropecuaria (INIA), Uruguay. Topographic maps for the whole country were elaborated using the kriging method, which is a geostatistical gridding method to draw contour maps. Free rainfall maps are available from the website http://www.inia.org.uy/gras/agroclima/ ppt_mapas/2009.html.
Multivariate exploratory data analysis was performed with the computer program CANOCO for windows ver. 4.5 (ter Braak and Š milauer 1998). A Detrended Correpondence Analysis (DCA) was run for sediment and bottom water variables, whereby the resulting ordination diagram showed the main trends of the database. Then, a gradient analysis was performed in order to depict the environmental gradient (i.e. isolines) within the ordination diagram. To test for differences between sampling sessions and stations, we performed several ANOSIM analyses. First, to test the hypothesis that warm ENSO events would enhance the trophic state, we performed an ANOSIM test for each sampling exercise as a group. We repeated this analyses three times; first for all the environmental variables together, then only bottom water variables and finally for sediment variables. The next step was to check for spatial differences, for the five different station groups as depicted with different colours in Fig. 1 . Five groups were defined, i.e. Group 1 ¼ Eastern littoral (L1, L2, L9 through L12, Z5, Z4, Z1), Group 2 ¼ Punta Carretas (PC, PCN, PCS, PCE, PCW), Group 3 ¼ Bay (B1 through B5), Group 4 ¼ Western litoral (L3 through L8, Z9 through Z13), Group 5 ¼ Punta Yeguas (PY, PYN, PYS, PYE, PYW). We first performed an ANOSIM for all stations together for all sampling sessions. Then, we performed ANOSIM analyses for each of the five groups separately, for all surveys. With such analyses, we aimed to test the potential effects of the warm ENSO event for the whole study area, and for the five different station groups separately.
In addition, the temporal variability for the whole study area was assessed by means of second-stage MDS ordination (Somerfield and Clarke 1995) , on a total of eight ranked matrices of similarities among samples. By means of this technique, the rank correlations calculated between pairs of similar matrices become the data-element of a second matching matrix, which was then used as an input matrix for the secondstage MDS ordination. In this ordination diagram, the relative distances between the symbols resemble their similarity, whereby samples that are located close to each other, are similar, while those located far apart, are dissimilar (Olsgard et al. 1998) .
ANOSIM was performed with the computer program Primer v. 6 (Clarke and Gorley 2006) , while ANOVA and correlation analyses were performed with PAST (Hammer et al. 2001) . DCA was performed with CANOCO, while the gradient analysis was performed with CANODRAW for windows (ter Braak and Š milauer 1998).
Results
Maps of Uruguay with the topographic distribution of total monthly rainfall for the whole country are presented in Fig. 2 . The highest rainfall values were observed between November 2009 and May 2010. Consequently, the river flow of both Uruguay River and Río de la Plata Estuary increased significantly after November 2009. A strong correlation between Uruguay River and Río de la Plata Estuary flow on log-transformed data was observed (r 2 ¼ 0.7), even though the river flow of Río de la Plata was significantly higher than that of the Uruguay River (ANOVA, F ¼ 26.9, P , 0.001, see Fig. 2 ).
The geochemical data for the sediment surface and the salinity, temperature and dissolved oxygen for the bottom water are presented in Fig. 3 . Most of chlorophyll-a values were lower than 5 and higher than 1 mg g À1 . As a general trend, the highest chlorophyll-a values were observed in Montevideo Bay. Pheopigment contents were higher than chlorophyll-a (i.e. most of them ranging between 10 and 20 mg g À1 , and also higher values were observed in Montevideo Bay, although the highest value was observed in the western littoral (station L7, March 2009; shown in yellow in Fig. 3 ). Most organic matter values ranged between 6 and 10%, but the general trend observed for both chlorophyll-a and pheopigment data (i.e. higher values in Montevideo Bay) was also registered. Protein values ranged between 2 and 6 mg g À1 , but the highest values were always observed in the Bay (Fig. 3) . Temperature data showed a clear seasonal trend, with the lowest values in winter, middle in spring/autumn and highest in summer (Fig. 3) . Salinity values ranged from 30 in July 2009 to 0 in July 2010 (Fig. 3) . The lowest values were observed from January to July 2010. Dissolved oxygen ranged between 6 and 12 mg L À1 . The lowest dissolved oxygen values were always recorded in Montevideo Bay.
We performed a DCA to analyse the multivariate relationships of environmental variables for both space and time (Fig. 4) . The different symbols on the DCA ordination diagram represent different sampling sessions. The first two axes accounted together for 67% of the variance. Most of the stations located on the right quadrants of the ordination diagram ( (Fig. 4b) corroborates the abovementioned pattern, but also shows the temporal evolution of the system as depicted by the arrow in Fig. 4b . In addition, the NMDS ordination diagram indicates that there are three similar groups of sampling sessions that are indicated with dotted circles in Fig. 4b .
Because we detected an important environmental multivariate gradient, we performed several ANOSIM tests to check for significant differences (Tables 1, 2) in sediment and bottom water variables. In the case of temporal analyses, we defined eight groups, corresponding to each one of the sampling surveys (Table 1 ). This test was performed for all variables together (Table 1A) , for bottom water variables (Table 1B) and for sediment variables (Table 1C) . We detected significant differences in most pairwise comparisons, except for a few cases, which are reported in Table 1A , B and C. That is, when comparing all environmental variables together, we detected significant differences between all pairwise comparisons (Table 1) . For bottom water variables, non-significant differences were observed between March 2009 and February 2012 (Table 1B) , whereas for sediment variables, non-significant differences were detected between July 2009 and May 2010, Table 2 ). Table 2A and B shows the pairwise temporal comparisons for all stations together and for each of the groups separately. In most cases, we detected significant temporal differences (Table 2A and B) . Spatial analyses for all sampling sessions did not yield significant differences for the pairwise comparisons (March 2009 -July 2009 , July 2009 -March 2012 and January 2010 -March 2010 . For Montevideo Bay, we detected the highest number of cases of non-significant differences (see Table 1B ). For the station groups corresponding to the eastern/western littoral, Punta Carretas and Punta Yeguas, significant differences were only observed in a few cases that occurred between October 2009-January/March 2010 and February 2011 (see Table 1B ).
Discussion
We provide good correlative evidence that trophic-state variability within the study area depends both on human activity and natural factors, such as the ENSO event. These factors appear to exert a differential influence. While the anthropogenic impacts are hierarchically more important in determining the spatial trophic gradient, the ENSO effects are more evident on the temporal scale. In consequence, the trophic conditions of Montevideo Bay appear to be most affected by anthropogenic factors whereas those of the adjacent coastal zone more influenced by the ENSO event, because of the increased river flow of Paraná and Uruguay rivers.
The spatial distribution pattern of sediment geochemical variables in the study area closely agrees with previous assessments (Burone et al. 2006; Brugnoli et al. 2007; García-Rodríguez et al. 2011; Muniz et al. 2011 Muniz et al. , 2004a Muniz et al. , 2004b Venturini et al. 2012 Venturini et al. , 2004 . That is, Montevideo Bay is a polluted system that displays higher values of sediment geochemical variables than those of the coastal zone. Historical values of chlorophyll-a, pheopigments, organic matter and protein content, showed values significantly higher in the bay than in the coastal zone. Heavy metals also showed the same trend observed for organic variables (Muniz et al. 2004a (Muniz et al. , 2004b García-Rodríguez et al. 2011; Venturini et al. 2012 Venturini et al. , 2004 . This is because Montevideo Bay is a semi-enclosed system, close to both contamination and eutrophication sources, i.e. townships, leather tanneries, food industry, absence of sanitation, petrol refinery, thermoelectric facility and harbour activities (García-Rodríguez et al. 2010; Burone et al. 2011) .
As a consequence, the concentration of domestic and industrial contaminants is significantly higher in the bay than in the adjacent coastal zone, as contaminant levels display a sharp decrease just off Montevideo Bay. Such a trend was clearly displayed in the DCA ordination diagram, as most of the stations of Montevideo Bay were positioned within the bottom left quadrant of the diagram (Fig. 4A) , where the highest values of geochemical variables were detected (Fig. 5) . This trend is in close agreement with Danulat et al. (2002) , who classified the bay as hypertrophic and the adjacent coastal areas as eutrophic. Moreover, the bottom waters of Montevideo Bay are usually either anoxic or hypoxic, while those of adjacent coastal zone are usually well oxygenated (Danulat et al. 2002; Burone et al. 2006; Brugnoli et al. 2007; Muniz et al. 2011 Muniz et al. , 2004a Muniz et al. , 2004b García-Rodríguez et al. 2011; Venturini et al. 2012 Venturini et al. , 2004 .
Temporal variations in rainfall rates from March 2009 to February 2011 do not fit within the normal pattern for the study area, as the end of spring and summer are considered the dry seasons because total precipitation values are commonly low (Bidegain et al. 2005) . The observed anomaly, from the end of November 2009 to May 2010, was expressed as an increase in precipitation because of the onset of an ENSO event. According to Barreiro (2009) , such a pattern of increased rainfall is expected for the warm phase of ENSO events during spring in south-eastern South America. The regional increase in rainfall led to a sharp increase in the river flow of both Río Uruguay and Río de la Plata (i.e. by 500%), which were positively well correlated, but also the river flow of Río de la Plata, which was significantly higher relative to that of Río Uruguay. Therefore, the large freshwater input from the Uruguay (and Paraná) River into de Río de la Plata, explains the steady decrease in salinity for the Río de la Plata from October 2009 to July 2010 (Fig. 3) . In this sense, we detected temporal statistical differences in salinity levels at various stations, which were reflected in the DCA ordination diagram that showed a very clear trend corresponding to the ENSO event (i.e. in our case January 2012, May 2010 and July 2012). Therefore, our data suggest that there is a very close link between ENSO, increase in rainfall and associated freshwater input, together with a subsequent decrease in salinity levels of Río de la Plata. In addition, the increased continental input during summer 2010 resulted in warmer water temperatures than those observed before and after the ENSO. For example, the average water temperatures recorded during the month of January 2010 (288C) at the height of the El Niño event compared with February 2011 (258C) after the El Niño event. Furthermore, the continental freshwater input exhibited a higher temperature than mean historical summer values (i.e. close 258C, Guerrero et al. 1997 ).
An inverse relationship between salinity and trophic state was clearly inferred. Maximum values of protein, organic matter, chlorophyll-a and pheopigment concentration were associated to freshwater conditions. The latter suggests that warm-phase ENSO events play a major role in regulating the continental freshwater input into the middle estuary, which would ultimately explain part of the interannual variability in the sediment geochemical conditions. Such interannual variability was less evident in Montevideo Bay because of the influence of human activities. However, since warm-phase ENSO events lead to increases in rainfall (Barreiro 2009 ), one might expect, and perhaps anticipate, future eutrophication episodes to occur during ENSO in the Río de la Plata due to concomitant increases in the river flow feeding the Río de la Plata. Regional freshwater input comes from a 4 144 000 km 2 basin (Fig. 1) , where agriculture, forestry, cattle and sheep grazing, pulp industry, hydroelectric dams and urban centres also contribute to intensify the eutrophication process (Bonachea et al. 2010) . Such eutrophication trends are well documented and understood for the water column of Río de la Plata (FREPLATA 2004; Licursi et al. 2006) although the trophic response of the sediment to the continental freshwater inputs during warm ENSO episodes has not received the same attention. Therefore, the information presented in this paper is relevant to improve our understanding of the possible links between ENSO events and sediment eutrophication.
Final remarks
We analysed the trophic gradient in an estuarine metropolitan area with well documented spatial trophic changes related to human impacts. Sampling stations of Montevideo Bay located close to the domestic and industrial contamination sources exhibit hypertrophic conditions whereas those located in the coastal zone are eutrophic. During ENSO events, the interannual variability in sediment geochemistry is controlled by the high rainfall rates, huge increases in the river flow, and therefore the increased continental freshwater input into the estuarine zone.
